The bumblebee Bombus terrestris is widely used in greenhouses to pollinate crops. Here, we report the molecular cloning and characterization of chymotrypsin inhibitor and chitin-binding protein homologs from B. terrestris. Two cDNAs encoding chymotrypsin inhibitor (Bt-CI) and chitin-binding protein (Bt-CBP) homologs were cloned from B. terrestris. Gene sequence analysis showed that Bt-CI gene consists of three exons encoding 75 amino acids, including a predicted 20-amino acid signal peptide, while Bt-CBP consists of two exons encoding 78 amino acids, including a predicted 26-amino acid signal peptide. The mature Bt-CI and Bt-CBP peptides contain ten and six conserved cysteine residues, respectively. Database searches using the deduced sequences of Bt-CI and Bt-CBP showed similarity to those from B. impatiens (96% peptide sequence identities). Bt-CI and Bt-CBP were expressed in both the venom gland and fat body of B. terrestris worker bees. The recombinant Bt-CI and Bt-CBP peptides were expressed in baculovirusinfected insect cells. Taken together, our findings describe the molecular characterization of Bt-CI and Bt-CBP from B. terrestris.
Introduction
The bumblebee (Bombus spp.) is an insect pollinator that is commonly used in greenhouses to pollinate crops (Velthuis and van Doorn, 2006) . Bumblebee venom contains several toxic proteins and peptides, including bombolitin, phospholipase A 2 , serine proteases, and serine protease inhibitors (Xin et al., 2009; Choo et al., 2010a Choo et al., , b, 2012 Qiu et al., 2011) . Recent studies have been demonstrated that bumblebee venom serine proteases and serine protease inhibitors act as fibrin(ogen)olytic agents (Choo et al., 2010b; Qiu et al., 2011) and antifibrinolytic agents (Choo et al., 2012) , respectively. Serine protease inhibitors are ubiquitous in numerous tissues and organisms, including animals, plants, and microbes. These protease inhibitors have been categorized into three classes, Kunitz, Kazal, and Bowman-Birk types (Conlon and Kim, 2000; Gebhard et al., 2004; Song et al., 2008) . In addition to the well characterized serine protease inhibition functions of proteins such as trypsin and/or chymotrypsin Zhou et al., 2004; He et al., 2008; Choo et al., 2012; Wang et al., 2012) , some serine protease inhibitors are known to be involved in various physiological processes such as ion channel blocking, blood coagulation, fibrinolysis, and inflammation (Masci et al., 2000; Flight et al., 2005 Flight et al., , 2009 Yuan et al., 2008; CorralRodríguez et al., 2009; Millers et al., 2009; Choo et al., 2012) .
Chitin is a major component of the insect exoskeleton, tracheae, midgut peritrophic matrix, and venom sac. All peritrophins contain cysteine-rich regions, which form chitin-binding domains and bind to chitin (Tellam et al., 1999; Wang et al., 2004) . Peritrophins with chitin-binding domains containing 6, 8, and 10 cysteine residues are classified as types A, B, and C, respectively (Tellam et al., 1999) . The peritrophin A domain, consisting of six cysteines, is the most common (Tellam et al., 1999; . Additionally, proteins with chitin-binding domains are widely distributed in various tissues of insects (Jasrapuria et al., 2010; Toprak et al., 2010) .
In this study, we describe the molecular cloning and characterization of chymotrypsin inhibitor and chitinbinding protein homologs from B. terrestris. We cloned and sequenced the genes encoding B. terrestris chymotrypsin inhibitor (Bt-CI) and chitin-binding protein (Bt-CBP) homologs. We also expressed recombinant Bt-CI and Bt-CBP in baculovirus-infected insect cells. Finally, we characterized the expression patterns of Bt-CI and Bt-CBP in B. terrestris worker bees.
Materials and Methods

Bumblebees
The Bombus terrestris (Hymenoptera: Apidae) bumblebee workers used in this study were supplied by the Department of Agricultural Biology, National Academy of Agricultural Science, Republic of Korea. The bumblebees were maintained at 28 ο C with 65% relative humidity and constant darkness, as described previously Qiu et al., 2011) .
Gene cloning and sequence analysis Clones encoding Bt-CI and Bt-CBP were selected from the expressed sequence tags (ESTs) generated from a cDNA library produced using the venom glands of B. terrestris worker bees (Qiu et al., 2011) . Plasmid DNA was extracted using the Wizard Mini-Preparation kit (Promega, Madison, WI, USA). The cDNA sequences were analyzed using an ABI310 automated DNA sequencer (Perkin-Elmer Applied Biosystems, Foster City, CA, USA). Sequenced cDNAs were compared using DNASIS and BLAST online by NCBI (http://www.ncbi.nlm.nih.gov/ BLAST). MacVector (ver. 6.5, Oxford Molecular Ltd., Oxford, UK) was used to align the deduced amino acid sequences of Bt-CI and Bt-CBP genes. Signal sequences were predicted by SignalP 4.0 (http://www.cbs.dtu.dk/services/SignalP). Genomic DNA was extracted from the fat body tissues of a single B. terrestris worker bee using the Wizard Genomic DNA Purification Kit (Promega); this DNA was then used as a template for PCR. The sequences of the oligonucleotide primers used for amplification were Bt-CI forward (1-27) 5'-ATGTCTCGTATCCTCTTTGTCTTCCTC-3' and Bt-CI reverse (225-198) 5'-TTGTGTGAAAAGACCT-TCTTGCGTTCAAGG-3', and Bt-CBP forward (1-28) 5'-ATGGCTGTTGTCAAGCTCTTTCTAGTC-3' and Bt-CBP reverse (236-210) 5'-AATAGGTGCAACGTATGT-TAGGACTGC-3'. The amplification primers were designed based on the Bt-CI and Bt-CBP cDNA sequences. All PCR products were verified by DNA sequence analysis.
Tissue collection B. terrestris worker bees were dissected on ice using a stereomicroscope (Zeiss, Jena, Germany). Tissue samples (venom gland, fat body, midgut, and muscle) were collected and washed with phosphate-buffered saline (PBS: 140 mM NaCl, 27 mM KCl, 8 mM Na 2 HPO 4 , and 1.5 mM KH 2 PO 4 , pH 7.4). The collected tissue samples were used without further processing.
RNA extraction and Northern blot analysis
Total RNA was isolated from the venom gland, fat body, midgut, and muscle using a Total RNA Extraction Kit (Promega). The total harvested RNA (5 mg/lane) was separated using a 1.0% formaldehyde agarose gel, transferred onto a nylon blotting membrane (Schleicher & Schuell, Dassel, Germany) , and hybridized at 42 ο C with the appropriate probe diluted in hybridization buffer containing 5× SSC (0.75 M sodium chloride and 0.75 M sodium citrate), 5× Denhardt's solution (0.1% each of BSA, Ficoll, and polyvinylpyrrolidone), 0.5% SDS, and 100 mg/ml denatured salmon sperm DNA. Bt-CI and Bt-CBP cDNAs were labeled with [α-32 P] dCTP (Amersham Biosciences, Piscataway, NJ, USA) using the Prime-It II Random Primer Labeling kit (Stratagene, La Jolla, CA, USA), and labeled cDNA was used as a probe for hybridization. After hybridization, the membrane filter was washed three times for 30 minutes each in 0.1% SDS and 0.2× SSC at 65°C and then exposed to autoradiography film.
Expression of the recombinant peptide
A baculovirus expression system (Je et al., 2001) using Autographa californica nucleopolyhedrovirus (AcNPV) and the Spodoptera frugiperda (Sf9) insect cell line was employed to construct a recombinant virus expressing Bt-CI or Bt-CBP. Bt-CI and Bt-CBP cDNAs were PCRamplified from pBluescript-Bt-CI or pBluescript-Bt-CBP using the primer set described above. Reverse primers for the amplification of Bt-CI and Bt-CBP were engineered to include His-tag sequences. The PCR cycling conditions were as follows: 94 ο C for 5 min. PCR products were sequenced using the BigDye Terminator Cycle Sequencing Kit and an automated DNA sequencer (Perkin-Elmer Applied Biosystems). The Bt-CI and Bt-CBP fragments were inserted into the pBacPAK8 vector (Clontech, Palo Alto, CA, USA) to generate an expression vector under the control of the AcNPV polyhedrin promoter. For expression experiments, 500 ng of construct (pBAC1-Bt-CI or pBAC1-Bt-CBP) and 100 ng of AcNPV viral DNA (Je et al., 2001) were co-transfected into 1.0 − 1.5 × 10 6 Sf9 cells for 5 h using the Lipofectin transfection reagent (Gibco BRL, Gaithersburg, MD, USA). Transfected cells were cultured in TC100 medium (Gibco BRL) supplemented with 10% fetal bovine serum (FBS, Gibco BRL) at 27 ο C for 5 days. Recombinant baculoviruses were propagated in Sf9 cells cultured in TC100 medium at 27 ο C. The recombinant proteins were purified using the MagneHis TM Protein Purification System (Promega).
Sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) and Western blot analysis Western blot analysis was performed using an enhanced chemiluminescence (ECL) Western blotting system (Amersham Biosciences). Protein samples were mixed with sample buffer (0.0625 M Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 5% β-mercaptoethanol, and 0.125% bromophenol blue), boiled for 5 min, and separated using 14% SDS-PAGE. Following electrophoresis, proteins were transferred onto a nitrocellulose membrane (Schleicher & Schuell), and the membrane was then blocked in 1% BSA. Then, the membrane was incubated with antiHis antibody at room temperature for 1 h and washed in Tris-buffered saline containing Tween-20 (TBST, 10 mM Tris-HCl, pH 8.0, 100 mM NaCl, and 0.05% (w/v) Tween-20). The membrane was then incubated with horseradish peroxidase-conjugated anti-mouse IgG diluted 1:5,000 (v/v). After repeated washes with TBST, the membrane was incubated with ECL detection reagents (Amersham Biosciences) and exposed to autoradiography film.
Results and Discussion
Gene cloning and the expression of Bt-CI and Bt-CBP To characterize the B. terrestris chymotrypsin inhibitor and chitin-binding protein, we isolated ESTs for genes encoding Bt-CI and Bt-CBP from a B. terrestris cDNA library. Bt-CI and Bt-CBP cDNAs that included the fulllength open reading frame (ORF) were identified by searching B. terrestris ESTs (Fig. 1) . The cDNA sequences for Bt-CI and Bt-CBP have been deposited in the GenBank database under the accession numbers JX667784 and JX667786, respectively. The Bt-CI cDNA is 448 bp in length and contains an ORF of 225 nucleotides that encodes a 75 amino acid peptide with a predicted molecular mass of 8257 Da and a pI of 8.48 (Fig. 1A) . The Bt-CBP cDNA is 441 bp in length and contains an ORF of 234 nucleotides that encodes a 78 amino acid peptide with a predicted molecular mass of 8635 Da and a pI of 4.81 (Fig. 1B) . Both cDNAs contain a start codon (ATG), a stop codon (TAA), and a putative polyadenylation signal (AATAAA), indicating that the sequences contain the complete coding regions of the Bt-CI and Bt-CBP genes. To characterize the genomic structure of the Bt-CI and Bt-CBP genes, primer sets based on the sequences of these cDNAs were designed to amplify the relevant sequences from B. terrestris genomic DNA. The PCR products were cloned and sequenced. The genomic PCR product sequences were 100% identical to the Bt-CI and Bt-CBP cDNAs. The organization of the gene is illustrated in Fig. 2 . A comparison of the genomic sequence with the sequence of the cDNA revealed the presence of three exons in Bt-CI and two exons in Bt-CBP. The sequences at the exonintron boundaries conformed to typical eukaryotic splice sites, including an invariant GT at the intron 5' boundary and an invariant AG at the 3' boundary. The genomic DNA sizes from the translation start codon to the stop codon were 1080 bp for Bt-CI ( Fig. 2A) and 445 bp for Bt-CBP (Fig. 2B) . Database searches using the Bt-CI and Bt-CBP peptide sequences indicated that the Bt-CI and Bt-CBP sequences were closely related to chymotrypsin inhibitor and chitinbinding proteins from other bumblebee species (Fig. 3) . We identified a potential signal peptide identified by SignalP program and the mature peptide predicted by align- (Fig. 3A) . Bt-CBP consists of 78 amino acids, including a predicted 26-amino acid signal peptide (Fig. 3B ). An analysis of the Bt-CI peptide sequence revealed its similarity to other serine protease inhibitor family members, with features including ten conserved cysteine residues (Bania et al., 1999; Rhoads et al., 2000a, b) . Bt-CBP possesses the chitin binding peritrophin-A domain, which contains typical features consistent with other chitin-binding proteins, including six conserved cysteine residues (Jasrapuria et al., 2010; Toprak et al., 2010) . Additionally, Bt-CI and Bt-CBP share 96% peptide sequence identities with the homologous sequences of B. impatiens. These results suggest that Bt-CI and Bt-CBP are structurally and functionally similar to other chymotrypsin inhibitors and chitinbinding proteins.
To evaluate the expression pattern of Bt-CI and Bt-CBP in B. terrestris, we performed a Northern blot analysis using total RNA samples obtained from the venom gland, fat body, midgut, and muscle of B. terrestris worker bees. Northern blot analysis showed that Bt-CI and Bt-CBP Fig. 2 . Organization of the Bt-CI (A) and Bt-CBP (B) genes. Numbers indicate the position in the genomic sequence. Exons are represented by solid boxes. The GenBank accession numbers are JX667785 for Bt-CI and JX667787 for Bt-CBP. Fig. 3 . Alignment of the deduced amino acid sequences of Bt-CI (A) and Bt-CBP (B) with other known chymotrypsin inhibitors and chitin-binding proteins. The residues are numbered according to the aligned chymotrypsin inhibitor and chitin-binding protein sequences, and conserved residues are shaded in black. Dots represent gaps introduced in the alignment. The predicted signal sequence is indicated by a vertical arrow. The characteristic cysteine residues are indicated with solid circles. The sources of the aligned chymotrypsin inhibitor sequences were B. terrestris Bt-CI (this study, GenBank accession no. JX667784), B. impatiens (XP_003484766), Megachile rotundata (XP_003708657), Apis florea (XP_003696076), and A. mellifera (XP_001120243). The sources of the aligned chitin-binding protein sequences were B. terrestris Bt-CBP (this study, GenBank accession no. JX667786), B. impatiens (XP_003485573), Camponotus floridanus (EFN70974), and Nasonia vitripennis (NP_001164343). The Bi-CI or Bi-CBP sequence was used as the reference for the identity/similarity (Id/Si) values.
were expressed in both the venom gland and fat body (Fig. 4) . Previous studies have demonstrated that arthropod venoms also contain serine protease inhibitors (Yuan et al., 2008; Choo et al., 2012) . The expression pattern of Bt-CI in B. terrestris observed here suggests that Bt-CI likely functions as a serine protease inhibitor in the fat body and venom (de Graaf et al., 2010) . The venom duct and reservoir in honeybees are characterized by an epicuticular lining (Bridges and Owen, 2005) and endocuticular proteins in the gland tissues (Peiren et al., 2008) . The fact that Bt-CBP contains a chitin-binding peritrophin-A domain typical of chitin-binding proteins and the expression profile of Bt-CBP collectively suggest that Bt-CBP is likely associated with the epicuticular lining of venom apparatus of B. terrestris.
Expression of recombinant Bt-CI and Bt-CBP
We expressed recombinant Bt-CI and Bt-CBP in baculovirus-infected insect cells. The cDNAs encoding Bt-CI and Bt-CBP were inserted into a baculovirus transfer vector (Je et al., 2001) . The baculovirus transfer vector was used to generate a recombinant virus expressing Bt-CI or Bt-CBP. Recombinant AcNPVs, which we named AcNPV-Bt-CI and AcNPV-Bt-CBP, were produced in Sf9 insect cells by co-transfection with wild-type AcNPV DNA and the transfer vector. The expression of the recombinant Bt-CI and Bt-CBP peptides in infected Sf9 cells was assessed by SDS-PAGE and Western blot analysis (Fig. 5) . The recombinant Bt-CI and Bt-CBP peptides migrated at approximately 13 kDa and 15 kDa, respectively. However, the molecular masses of Bt-CI and Bt-CBP expressed in insect cells are much larger than the predicted molecular masses of Bt-CI and Bt-CBP. Several putative O-glycosylation sites, but no N-glycosylation sites, were found in the sequence of Bt-CI and Bt-CBP, suggesting that Bt-CI and Bt-CBP are O-glycosylated. Studies of the physiological role of Bt-CI and Bt-CBP in B. terrestris are in process.
In conclusion, we cloned the Bt-CI and Bt-CBP genes from the bumblebee B. terrestris. The data presented here suggest that Bt-CI and Bt-CBP likely function in serine protease inhibition and chitin binding. The molecular characterization of the Bt-CI and Bt-CBP of B. terrestris will have significant implications for the future investigations of these peptides.
